The purpose of this study was to analyze the CSF flow in patients with Chiari I to determine differences between patients with and without CAH. Thirty patients with Chiari I malformation underwent cine-PC CSF flow imaging in the sagittal plane. CSF flow pulsations were analyzed by placing regions of interest in the anterior cervical subarachnoid space. Maximum CSF systolic (craniocaudal) and diastolic (caudocranial) velocities as well as the durations of CSF systole and diastole (measured in fractions of the cardiac cycle) were determined. In the region of interest just below the foramen magnum, patients with CAH had a significantly shorter CSF systole and longer diastole (P ϭ .02). A CSF diastolic length of Ն0.75 of the cardiac cycle was 67% sensitive and 86% specific for CAH. Our results indicate that Cine-PC imaging can show differences in CSF flow patterns in patients with Chiari I with and without CAH.
P
atients with Chiari I malformation of the cerebellar tonsils have a variety of subjective symptoms, of which headache is the most common, occurring in Յ75% of them. [1] [2] [3] [4] Among the different types of headaches seen in patients with Chiari I, sudden short-lasting suboccipital headache precipitated by cough, exertion, or Valsalva-like maneuvers is considered to be a distinctive entity. [1] [2] [3] [4] [5] This CAH is attributed to abnormal CSF flow at the foramen magnum and is, when severe, considered an indication for decompressive surgery. 3, 6, 7 Previously, invasive techniques have been used to show differences in cranial and spinal pressures in patients with Chiari I with CAH compared with those without this symptom. 2, 3, 5 Cine-PC MR imaging can noninvasively demonstrate biphasic CSF flow between the head and spine that occurs due to craniospinal pressure variations during a cardiac cycle. [8] [9] [10] Although cine-PC has been used to assess flow abnormalities in patients with Chiari I compared with healthy subjects and also to differentiate symptomatic and asymptomatic patients, 7, [11] [12] [13] [14] [15] [16] [17] [18] [19] it has previously not been used to assess differences in CSF flow between patients with Chiari I with and without CAH. Demonstrating these differences would be useful not only in understanding the pathophysiology of CAH but also in helping clinicians in making management decisions in patients with unclear symptoms and inconclusive routine imaging.
The purpose of this study was to analyze the CSF flow in patients with Chiari I to determine differences between patients with and without CAH.
Materials and Methods
Thirty patients with Chiari I malformation (age range, 5-64 years; mean, 29 Ϯ 14 years; female/male ratio, 24:6) underwent MR imaging on a 1.5T magnet (Signa; GE Healthcare, Milwaukee, Wisconsin; software, Version 11.0) between 2003 and 2007. Institutional review board approval was obtained for this retrospective study with waiver of informed consent.
All patients were referred for management to a single neurosurgeon specializing in the treatment of Chiari I malformation. The main inclusion criterion was that the MR imaging examination be performed on a scanner from a single vendor using the same flow imaging sequence. The main exclusion criteria were a history of previous decompressive surgery or significant patient motion on flow images. Of the 32 consecutive patients sent for flow imaging during the period of study, 2 had significant motion artifacts on flow images and were excluded.
Patient records were evaluated for notes made by the neurosurgeon at the time of the initial clinical visit. CAH was considered present only when the symptoms were specific for a short-lasting suboccipital headache initiated or aggravated by cough, exertion, or a Valsalva-like maneuver.
MR Imaging
T1-and T2-weighted images of the cervical and thoracic spine were examined to determine the extent of tonsillar herniation and the presence or absence of syringomyelia. A commercially available cine-PC sequence was used to perform retrospectively cardiac-gated CSF flow imaging in the midline sagittal plane by using a peripheral pulse trigger (finger photoplethysmography). The imaging parameters were the following: TR, 30 -35 ms; TE, 10 ms; flip angle, 20°; imaging matrix, 256 ϫ 192; FOV, 240 cm 2 ; section thickness, 5 mm; and 2 signalintensity averages. Most patients (23/30) had imaging performed at a velocity encoding of 5 cm/s. Higher velocity-encoding values of 7 or 10 cm/s were used for patients Ͻ10 years of age or if velocity aliasing (recognized as a sharp transition of pixel intensities) was detected by the technologist at the time of imaging. The encoding direction was head to foot in all patients. Phase-contrast images were obtained at each of a total of 32 time points, equally spaced over the cardiac cycle. The total imaging time was dependent on the patient's heart rate and varied between 4 and 7 minutes. The patients were instructed to breathe normally during the flow imaging.
Image Analysis
Two neuroradiologists determined the extent of tonsillar herniation by consensus as described previously. 20, 21 A tonsillar herniation Ն5 mm was considered a Chiari I malformation. The presence or absence of syringomyelia was also recorded. The Cine-PC images were transferred to an independent workstation for CSF flow analysis by using the software program Analyze, Version 5.0 (Mayo Clinic, Rochester, Minnesota). Using the region-of-interest function of the program, we placed 2 regions of interest in the anterior subarachnoid space of the upper cervical spine (Fig 1) . The first region of interest was placed immediately below the foramen magnum (region 1), and the second region of interest was placed at the level of the disk space between the second and third cervical vertebrae (region 2). The size of the regions of interest ranged from 8 to 20 pixels (10 -25 mm 2 ). Each region of interest was initially placed on an image and was propagated to include all 64 (32 phase ϩ32 magnitude) images. To correct the gradient-induced additive errors that can offset the zero-velocity baseline, we subtracted average values of a relatively static brain region with zero average motion, as described previously. 14, [22] [23] [24] This background region of interest (region 3) was placed in the region of the lower pons, described as having minimal motion in healthy subjects and in patients with Chiari I malformation. 23, 24 Subtraction of the relatively static tissue phase shift (region 3) from that obtained for the CSF (regions 1 and 2) was used to calculate the mean velocity at each time point. All the regions of interest were placed by a neuroradiologist with 15 years of experience, without knowledge of the patient's clinical information.
The region-of-interest statistics output from Analyze included the mean signal intensity of each region of interest from each image of the sequence. These data were then transferred to an Excel file. Using a scale factor available from the image header, we converted all signalintensity values to velocity information after background correction.
Mean velocity values at each time point in the cardiac cycle were plotted as waveforms with velocity on the y-axis and fractions of the cardiac cycle on the x-axis (Fig 2) . The fractions of the cardiac cycle were used as temporal parameters in place of actual heart rates to normalize findings among subjects with different heart rates. 14, 22, 23 The positive values on the waveform correspond to systolic (craniocaudal) and the negative values correspond to diastolic (caudocranial) CSF flow. These CSF velocity waveforms were analyzed to determine maximum CSF systolic and diastolic velocities in millimeters per second and durations of CSF systole and diastole in fractions of the cardiac cycle (Fig 2) .
Data Analysis
Statistical analyses were performed by using a nonparametric Kruskal-Wallis test for evaluation of group differences. We also determined the sensitivity and specificity of CSF flow parameters in predicting the presence of CAH. A 2 test was performed to determine if the presence of syringomyelia was not the reason for group differences between subjects with and without CAH. A P value Յ .05 was considered statistically significant.
Results
Nine of 30 (30%, 6 females, 3 males) patients with Chiari I had CAH. There was no difference in age between patients with and without CAH (On-line Table) . The results showing comparison of patients with and without CAH are presented in the On-line Table. Tonsillar herniation was greater in patients with CAH compared with those without it, but the differences were not statistically significant (P ϭ .10).
At region 1 (immediately below the foramen magnum), no significant differences were seen in maximum systolic and diastolic velocities between patients with and without CAH. However, in patients with CAH, the CSF systole was significantly shorter and the CSF diastole was significantly longer, compared with those without CAH (Fig 3) . A CSF diastolic length of Ն0.75 was 67% sensitive and 86% specific in predicting the presence of CAH.
At region 2 (C2-3 intervertebral disk level), there were no differences (On-line Table) in CSF flow between patients with Chiari I with and without CAH.
We also evaluated whether the presence of syringomyelia was not contributing to the differences observed between patients with and without CAH. Twelve of the 30 patients (40%) with Chiari I malformation had syringomyelia, 5 of whom had CAH, and 7 of whom did not. There was no significant difference in the proportion of syringomyelia between patients with and without CAH (P ϭ .3). Additionally, the mean CSF systolic flow duration of patients with syringomyelia (0.38 Ϯ 0.15) and without syringomyelia (0.34 Ϯ 0.11) was not significantly different (P ϭ .29).
Discussion
Our results show that Cine-PC imaging can demonstrate differences in CSF flow patterns between patients with Chiari I with and without CAH. Those with this symptom had much shorter CSF systole and longer CSF diastole compared with those without it. In addition, CSF diastolic duration of Ն0.75 of the cardiac cycle was moderately sensitive and specific in predicting the presence of CAH in patients with Chiari I malformation. The results also show that the presence of syringomyelia was not a contributory factor in CSF flow differences seen in patients with Chiari I with and without CAH.
Differentiating which patients with Chiari I malformation will improve with a surgical decompression versus those who will not can be difficult on the basis of symptoms and anatomic MR images alone. 1, 2, 6, 7, 15 This is because patients diagnosed with Chiari I malformation frequently have a multitude of subjective symptoms. It is often unclear which symptoms, if any, are actually due to the Chiari I malformation. This distinction is particularly true when the foramen magnum is not extremely tight; there is no syrinx, and the cerebellar tonsils are not pointed or deformed on anatomic imaging. However, classic CAHs generally are thought to be due specifically to a Chiari malformation and typically do improve with a successful decompression. They are much more specific to Chiari I malformations than constant daily headaches, extremity numbness, fatigue, dizziness, vertigo, nausea, or swallowing problems. The difficulty of sorting out which patient with a Chiari malformation really needs a decompression is further confounded by the increasing use of MR imaging for investigating headache and consequent imaging reports of a minor degree of tonsillar herniation as a Chiari I malformation.
CAHs are seen in Յ30% of patients with Chiari I malformation and are believed to be due to CSF flow impairment at the foramen magnum. 1, 2, [5] [6] [7] 14, 15, 19 If severe, these headaches are considered to be an indication for decompressive surgery. However, in the presence of unclear symptoms and inconclusive anatomic imaging, an objective test directly assessing CSF flow dynamics at the foramen magnum can assist neurosurgeons in making decisions about decompressive surgery. Thus, we investigated whether we could correlate Cine-PCimaging-demonstrated CSF flow abnormalities with this symptom. On the basis of findings presented here, we believe that cine-PC CSF flow imaging can provide this additional information and assist in clinical decision-making in the management of patients with Chiari I. We also believe that the development of ultrafast or real-time imaging for dynamically studying CSF flow can further improve the ability of cine-PC in assessing patients with Chiari I.
Several theories have been proposed to explain the pathophysiology of CAH in patients with Chiari I. Most agree that tonsillar herniation produces impairment of CSF flow at the foramen magnum and results in this symptom. However, there is a difference of opinion as to the exact mechanism responsible for CAH. Williams 5 studied ventricular and spinal pressures at rest and after coughing in patients with Chiari I and showed that in patients with CAH, a pressure difference developed between the head and spine after coughing. He proposed that normal compensatory movement of CSF across the foramen magnum in response to coughing is impaired in patients with Chiari I, leading to transient elevation of intracranial pressure resulting in headache. Sansur et al 3 systematically studied the spinal intrathecal pressures in patients with Chiari I. They observed elevated intrathecal pressure at baseline and during coughing in patients with Chiari I with CAH compared with those without it. On the basis of their results, these investigators attributed CAH in patients with Chiari I to an exaggerated spinal CSF pressure response to coughing, from entrapment of spinal CSF by tonsillar herniation, resulting in stretching of the spinal dura to cause headache.
Although cine-PC provides direct visualization of CSF flow between the head and spine, which is dependent on craniospinal pressure changes, we were able to investigate this fact only during resting, due to long scanning times of the cine-PC sequence (several 100 heart beats) used in this study. We are, therefore, unable to correlate our findings directly to the previous investigations described above. However, development of ultrafast or real-time imaging in the future to dynamically study CSF flow at resting and during and after coughing in patients with Chiari I may help to further understand the pathophysiology of CAH.
Previous studies have reported lower maximum CSF systolic flow velocities and shorter CSF systolic (and longer CSF diastolic) flow durations in patients with Chiari I compared with healthy subjects. 13, 14, 25, 26 Although it is difficult to directly compare these results with those of our observations (in the absence of the knowledge of how many of their patients had CAH), the reported CSF velocities and durations in these different Chiari I patient populations are similar to our results. 13, 14, 25, 26 Because the differences in CSF flow between patients with Chiari I and healthy subjects has been thoroughly evaluated previously, in this study, we only sought to correlate cine-PC-demonstrated CSF flow abnormalities to the specific subjective symptom of CAH.
One major limitation of our study was the use of the sagittal plane for imaging, which limited our evaluation of CSF flow to velocity measurements in the midline. In most of our patients in this retrospective study, only sagittal cine-PC images were available for review because the sagittal plane provides a quick overview of CSF flow above and below the foramen magnum in the time required for a single cine-PC sequence (approximately 5 minutes) and can be easily added to routine clinical imaging. However, we believe that our results are still valid. First, although CSF flow cannot be measured precisely with sagittal imaging due to partial volume effects and inability to assess the entire diameter of the spinal canal, measurement of peak velocities is still valid because our direction encoding (head to foot) was along the direction of maximum CSF flow. 27 Second, the peak velocities and flow durations reported by us are consistent with results obtained by others using sagittal cine-PC imaging in different Chiari I populations. 13, 14, 25, 26 Finally, long diastolic durations observed by us in patients with Chiari I with CAH with sagittal imaging are consistent with the phenomenon of anterior diastolic CSF flow jets reported in symptomatic patients with Chiari I by Quigley et al 19 by using axial cine-PC imaging. These investigators also observed simultaneous bidirectional flow at the foramen magnum. Their findings may also explain why by using sagittal cine-PC imaging, we observed larger diastolic CSF flow displacement (area under the negative portion of the CSF waveform) than systolic CSF flow displacement (area under the positive portion of the CSF waveform) as depicted in Fig 3 in a  patient with CAH.
In conclusion, our findings indicate that cine-PC CSF flow imaging has the potential to be used as an objective tool for clinical decision-making in the management of patients with Chiari I with CAH.
